Purpose -Australia is one of the ten largest emitters of greenhouse gases but stands out from the others due to its economic growth without recession for 26 consecutive years. This paper aims to focus on the energy-growth nexus and the effects of energy consumption on the environment in Australia.
Introduction
For several decades, economic growth was considered the only tool for sustainable development, but over the years, environmental quality has been introduced as a crucial variable for sustainable development. According to the Brundtland Report or World Commission on Environment and Development, in 1987, high energy consumption will have worrying environmental consequences due to the carbon dioxide (CO 2 ) emissions released from burning fossil fuels. In the same report, the notion of sustainable development was introduced. This concept corresponds to an approach to development in which present needs are addressed without compromising the needs of future generations. A few years later, in 1992, the Earth Summit was held, followed by the Kyoto Summit in 1997, and more attention was paid to environmental impacts and increasingly noticeable environment degradation. In general, economic growth requires energy, and its availability puts pressure on environmental quality. This condition raises the question of whether there is always a tradeoff between economic growth and environmental quality or if it is possible for economies to keep growing without causing environmental degradation. A reduction of CO 2 emissions is often associated with a reduction in the consumption of fossil fuels, and in some countries, these reductions have a negative impact on economic growth. Considering that, a reduction in CO 2 emissions is more significant when applied to developing countries (Ito, 2017; Narayan and Narayan, 2010) . Overall, CO 2 emissions from fossil fuel consumption and industrial processes doubled between 1974 and 2014, from 16.9 gigatons (Gt) to 35.5 Gt (BP, BP Statistical Review of World Energy, 2015 , 2015 ).
This paper focuses on Australia, which has certain particularities that make the country especially interesting to study. Australia is the sixth largest country in the world and has experienced economic growth without recession for 26 consecutive years (Rank et al., 2017) . Simultaneously, it is one of the ten largest emitters of greenhouse gases (GHGs). Australia has a free-market economy, with a high gross domestic product (GDP) per capita and a low poverty level. In the past decade, its economy performed consistently, with an annual economic growth rate between 1.5 and 4.5 per cent (IEA, 2012) . Lim et al. (2012) analysed the behaviour of the Australian economy in 2011 and its expected behaviour in 2012.
The energy sector makes a very significant contribution to the Australian economy. In 2012, Australia ranked ninth out of the world's largest energy producers, and the energy sector represented between 16 and 17 per cent of current GDP (IEA, 2012) . Regarding the use of energy sources, Australia is a country with extensive natural resources and fossil fuel reserves. Coal, oil, natural gas, uranium and thorium are among its base resources, and accordingly, petroleum products are the main energy source mostly allocated to the CO 2 emissions, fossil fuels and renewable energy consumption transport sector; this means that the transport sector is very dependent on oil products (IEA, 2018) . With regard to renewable energy sources (RESs), solar and wind are the country's main natural resources. Since 2012, RESs have increased through the growing renewable capacity from wind and solar energy (IEA, 2018) . In terms of emissions, CO 2 is the main GHG emitted. In 1990, Australia emitted 26 millions of tons (Mt) of CO 2 , and emissions increased continuously up to 2005, reaching 372 Mt, then rising only slightly to 374 Mt in 2014 (Rank et al., 2017) . The total final energy consumption is motivated by the transport and industry sectors, which represent 40 and 35 per cent, respectively (IEA, 2018) .
The main objective of this paper is to study the relationship between economic growth, CO 2 emissions and energy consumption in Australia. Consequently, the central questions are: Is there a trade-off in Australia between economic growth and CO 2 emissions? What is the impact of energy consumption on GDP and the environment in Australia? What is the impact of specific energy sources? To accomplish the aims of this paper, an autoregressive distributed lag (ARDL) approach was used.
Overall, this paper contributes to the literature by analysing the behaviour of both energy consumption and the environment on the growing Australian economy. In addition, this paper goes further by studying the impact of economic growth on renewable and nonrenewable energy consumption, as well as on CO 2 emissions. The study is conducted on a single country for which literature is scarce, using a recent approach and a long time period. The main findings are in the long run, a bidirectional causality between GDP and CO 2 intensity, between RES and oil consumption and between CO 2 intensity and the consumption of coal and oil. This paper is organised into six sections. Section 2 presents literature review, Sections 3 and 4 set out the data and method used and the results obtained, respectively, and Sections 5 and 6 present a discussion and the conclusions of this paper, respectively.
Literature review
The direct relationship between economic growth and energy consumption is traditionally verifiable through four hypotheses. The growth hypothesis represents the unidirectional causality from energy to economic growth (Menyah and Wolde-Rufael, 2010) . This means that energy consumption is a determinant factor of economic growth and, consequently, economic growth is a function of energy consumption. The conservation hypothesis portrays the unidirectional causality from economic growth to energy (Mehrara, 2007) . This hypothesis implies that an increase in economic growth causes an increase in energy consumption. The feedback hypothesis indicates the bidirectional causality between energy and economic growth. This means that there is a causal interdependence between economic growth and energy consumption (Eggoh et al., 2011; Fuinhas and Marques, 2012) . The last is the neutrality hypothesis that expresses the non-causal relationship between energy consumption and economic growth (Menegaki, 2011) . This means that any reduction in energy consumption will not affect economic growth, and vice versa. Energy consumption does not represent a significant portion of GDP (Tang and Abosedra, 2014) . In addition to the aforementioned, there is another, less-conventional hypothesis, the resource curse. This hypothesis contends that energy consumption has a negative impact on economic growth.
Over the years, as economies have grown, generally speaking, environmental quality has decreased. The first research studies undertaken about the effect of energy consumption on economic growth explored the relationship between energy consumption and economic growth (Kraft and Kraft, 1978) . Since then, the relationship between energy consumption and economic growth has been studied to observe the different causalities between the two IJESM 12,4 variables, causality running from economic growth to energy consumption (Cheng and Lai, 1997) , causality running from energy consumption to economic growth (Stern, 2000) , bidirectional causality between economic growth and energy consumption (Hondroyiannis et al., 2002) and the lack of causality between economic growth and energy consumption (Altinay and Karagol, 2004) . This topic was particularly important because of the role that energy consumption plays in economic growth and due to the policy implications invoked. Some years later, environmental quality began to be included in the analysis of the energygrowth nexus, combining economic growth, energy consumption and environmental pollution (Ang, 2007; Soytas et al., 2007; Acaravci and Ozturk, 2010) .
Several studies about this topic can be found in the literature, for numerous individual countries or groups of countries, using various methodologies. Chen et al. (2012) analysed the relationship between economic growth and energy consumption based on the conclusions of 174 studies. A summary of the literature can be found for instance in Ozturk (2010) , Omri (2014) and Tiba and Omri (2017) . While previous articles provide a summary of studies conducted from 1978 to 2014, we give a summary of studies conducted from 2015 to 2018 (Table I ). The table indicates the country or countries studied, as well as the method used and the results obtained.
As mentioned before, differing approaches have been used in analysing the relationship between economic growth, energy consumption and environmental pollution. However, as can be seen in Table I , the one most commonly used in recent literature is the ARDL model. This approach is also used in this study. In addition to the approaches shown in Table I , the Kaya identity (Kaya, 1990) can also be used. This methodology indicates the relationship between the main emissions generation sources, GDP per capita, population, energy intensity and carbon intensity.
Considering the specific relationship between economic growth and environmental degradation, the environmental Kuznets curve (EKC) by Grossman and Krueger (1991) was first proposed in 1991. This concept had its origin in the "Inverted-U hypothesis" developed by Kuznets (1955) . The EKC explains the relationship between economic growth and CO 2 emissions during two different phases. During the first phase, GDP and environmental degradation increase. The second phase begins once a turning point is reached, and environmental degradation starts to decrease, while GDP continues to increase. This concept arose to describe how a country's pollution level is determined by its development over time (Panayotou, 1993) .
The energy-growth nexus has been a central theme of energy economics literature. However, there is no consensus in terms of results. These differing results may arise for several reasons. The results depend on the country or group of countries studied, the different variables used for energy consumption and economic growth and the total combination of variables, the time periods studied, the methods used and whether the data are monthly or annual. Considering the lack of consensus and the volatility of results depending of the factors mentioned earlier, the present research contributes to fill the gap in the literature by using a long time period, using a recent approach with appropriated characteristics for the data and by studying individually a country not studied until now, with interesting and idiosyncratic characteristics previously revealed.
Methodology
This section is divided into three subsections. The first one presents the variables and units of measurement used in this study, as well as a summary of data sources and statistics. The second contains a preliminary analysis of the variables. The last provides an explanation of the model used and the tests subsequently applied. The variables COAL and OIL were transformed into percentages of primary energy consumption, and the variable CO 2 was transformed into CO 2 intensity to reduce the correlation between the variables. To obtain the growth rates of the respective variables by their differenced logarithms, all variables were transformed into their natural logarithms. This transformation also reduced the phenomenon of heteroskedasticity. Table III 
Preliminary analysis
To determine the integration order of the variables, the traditional unit root tests were performed, namely, augmented Dickey-Fuller (ADF) (Dickey and Fuller, 1981) , Phillips and Perron (PP) (Phillips and Perron, 1988) and Kwiatkowski Phillips Schmidt (KPSS) (Kwiatkowski et al., 1992) . In both the ADF and PP tests, the null hypothesis is that the variable is non-stationary, i.e. there is a unit root. The opposite happens in the KPSS test, in which the null hypothesis is that the variable is stationary. Table IV shows the results of the tests. From observing Table IV , it is possible to conclude through the employment of the traditional unit root tests, ADF, PP and KPSS that all variables are stationary in their first differences, i.e. they are I(1). However, through the visual inspection of the variables, there arises a suspicion that the variables could have structural breaks and the structural breaks could be a limitation for the traditional unit root tests. Consequently, the unit root test with structural breaks (Zivot and Andrews, 1992 ) (Zivot and Andrews, ZA) was performed to determine the period where structural breaks could exist (Table V) .
Given the existence of structural breaks, the ZA unit root test with structural breaks provides information on the specific period in which they occur. This information is useful for determining whether to apply dummies when the models are being estimated. The characteristics of the data under consideration did not compromise the use of the ARDL approach chosen.
The variance inflation factor (VIF) test was performed and suggested the presence of multicollinearity between LGDP and LOIL. Consequently, models were estimated with both variables and without LOIL to confirm if the existence of multicollinearity would change the results. Comparing the results of these estimates, it was possible to conclude that there was no change in the signs so that multicollinearity would not be a problem for estimating the model with all the variables.
Method: autoregressive distributed lag
To analyse the short-and long-run relationship between all variables used, the approach chosen was the ARDL model, developed by Pesaran et al. (2001) . Bearing in mind the characteristics of the data, a period of 51 years was studied. During such a lengthy period, it is likely that several statistically significant events will have occurred and, as such, they should be identified by testing. Considering that the ARDL model allows for dummies to be applied, thus this procedure was used for controlling for these events in the model estimated. In addition, this approach allows for the separation of short-and long-run effects, which is important for determining the dynamics of the variables. Consequently, it makes possible to confirm implicit causalities between all variables through the existence of long-run relationships of cointegration. Besides that, the ARDL model allows for the analysis of direct and indirect effects in the elasticities and provides unbiased long-run estimation (Ahmad and Du, 2017) . Last but not least, the ARDL model also allows for the treatment of endogeneity.
The following equation represents the general unrestricted error correction model (UECM) equivalent to the ARDL bounds test used in the five ARDL models estimated: CO 2 emissions, fossil fuels and renewable energy consumption
where D denotes the first differences of variables, Y t represents all logarithm-dependent variables, Z t represent all logarithm-independent variables, a 2i is the short-run coefficient, a 3i is the error correction model (ECM), a 4i is the long-run coefficient and « t is a white-noise error term. The reverse models were estimated analysing the optimal number of lags necessary. The significance of the parameters was observed, and the residues were examined to ensure that the estimations were as parsimonious as possible. After estimation of the models, diagnostics tests were performed, namely, the Jarque-Bera normality test (including skewness, kurtosis and Jarque-Bera), the Breusch-Godfrey serial correlation LM test, the ARCH test for heteroskedasticity, the Ramsey RESET test to model specification and the stability tests of CUSUM and CUSUM squares.
The ARDL bounds test (Pesaran et al., 2001) was calculated with the null hypothesis of non-existence of cointegration, which means that there is no long-run relationship. In addition, the short-run semi-elasticities and long-run elasticities were calculated. The calculation is made as follows: semi-elasticities result directly from the coefficients of the model variables in the short run, and the elasticities were calculated through the following expression: c var
This expression consists of the coefficient number of the respective long-run variable, for instance, c(6), which is divided by the coefficient number of the ECM, for instance c(5), and the ratio multiplied by À1.
Results
In this section, the results of estimating the ARDL models and the diagnostic tests to which they were submitted are presented. The ARDL bounds test results are then shown, along with the calculations of the semi-elasticities and elasticities.
Considering the objective of studying the relationships between all the variables, five models were estimated. The results of all the models are presented in Table VI .
After the estimation, diagnostic tests were performed that confirmed the normal behaviour of the residuals, the rejection of serial correlation of first and second order, the homoskedasticity of the residues, the correct specification of the model and the stability of the parameters during the period studied, as shown in Figure 1 .
From Table VI , it is possible to conclude that the ECM of all models is within an interval between À1 and 0 and revels a good adjustment velocity.
Regarding the dummies applied in model I-LGDP, the dummy in 1983 can be explained by the liberalisation and deregulation of the economy; 1988 was the year when Australia's economic growth fell below the average rate of the other advanced economies; and 2009 represented the worst year of economic growth in all the years of consecutive growth. In model II-LOIL, the unit root test with structural breaks reveals a break point in 1990. With respect to model IV-LCO 2 , on one hand, the consumption of natural gas increased in 1969 and caused an exponential increase in CO 2 emissions; on the other hand, a high level of CO 2 emissions occurred in 1990, and this year became the base year of the Kyoto protocol. The last model, V-LRES, has dummies in 1983, which was the year in which Australia had less production of renewable energy; 1990 was the year that the Renewable Energy Target encouraged the growth of wind capacity; a break point was detected in the ZA test in 2008; and 2009 was when the Australian Government signed a contract to accelerate energy efficiency.
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Considering all the results obtained from the five models, certain results can be highlighted. On one hand, the negative impact of LCO 2 on LGDP, as well as of LRES on LGDP and of LGDP on LOIL and LCOAL. On the other hand, the positive impact of LCO 2 on LCOAL and LOIL, as well as of LGDP on LCO 2 and LRES and of LOIL on LRES. Also of note is the absence of any impact by LRES on LCO 2 in the long run (Table VII) .
The ARDL bounds test was performed by an analysis of the F-statistic in the Wald test, and the aforementioned null hypothesis was rejected. This meant that there was a long-run relationship between the variables (cointegration).
As previously mentioned, the direct and indirect effects on elasticities, semi-elasticities and elasticities were calculated.
From the results shown in Table VIII , it can be concluded that in model I-LGDP, in the long run, an increase in 1 per cent in LCO 2 and LRES causes decrease in LGDP of 1.82 per cent and 0.38 per cent, respectively, and an increase in 1 per cent in LOIL causes an increase of 0.66 per cent in LGDP. In the short run, in percentage points, LCO 2 and LRES decrease LGDP by 0.82 and 0.06, respectively. Among the other results, the model IV-LCO 2 should be highlighted, in which increases of 1 per cent in LGDP, LCOAL and LOIL create increases in LCO 2 of 0.04, 0.32 and 0.18 per cent, respectively. In the short run, variations in LRES, LCOAL and LOIL lead to a decrease of 0.02 and increases of 0.26 and 0.11 in LCO 2 , in percentage points, respectively.
Discussion
On the whole, Australia is a country with a strong economic path, surpassing The Netherlands, in 2017, as the country with longest consecutive number of years without a recession. This makes Australia an attractive subject for investigation. This study makes a deeper analysis of the relationship in both the short and long run, between GDP, CO 2 intensity, fossil fuel (coal and oil) consumption and RES consumption in Australia. Figure 2 shows the short-and long-run causalities. Our findings prove that LCO 2 intensity and LRES have caused a slowdown in economic growth, although insufficient to interrupt strong economic activity and continuous growth. This decrease can be explained by the huge investment needed to expand RES capacity and by restrictive energy consumption policies that reduce CO 2 intensity and, consequently, LGDP. This effect shows that it is possible for a country to address environmental preoccupations, not only emissions reduction but also mix diversification, while continuing to experience economic growth. Regarding the effects of LGDP on LRES and on LCO 2 , on one hand, higher GDP leads to higher RES consumption (Saidi and Ben Mbarek, 2016) because with increased GDP, the country invests more in renewable energy. On the other hand, increasing GDP implies more energy consumption, and considering that the renewable technology is limited, the energy consumed are the fossil fuels which increase the CO 2 emissions (Bilgili et al., 2016) . Despite its growing GDP, Australia has a high level of CO 2 intensity, and LRES only decreases it in the short run. LRES causes a decrease in CO 2 intensity by avoiding the burning of fossil fuels, given that primary energy consumption remains constant. In the long run, RES has no impact, because the renewable technology used has limited and insignificant potential growth. With regard to fossil fuels, Australia has extensive reserves. However, based on empirical evidence, this paper confirms that there is a negative relationship between LGDP and LCOAL and LOIL. This effect confirms that Australia intends to diversify its energy mix promoting substitution. With growing LGDP, primary energy consumption increases, and the mix of primary energy consumption increases LRES. In view of this, the country is investing in clean energy and measures to promote energy efficiency to achieve environmental targets. Therefore, with growing LGDP, the shares of LOIL and LCOAL are reduced. In addition to the effect of fossil fuels on the economy, they are also associated with environmental degradation. Fossil fuels are considered the main cause of the high CO 2 emissions. The empirical results show that fossil fuel consumption increases LCO 2 , (Ito, 2017) . If primary energy consumption remains constant and the consumption of fossil fuels increases in the mix, CO 2 emissions increase.
Australia has defined environmental targets to reduce CO 2 emissions by 26-28 per cent by the year 2030 based on 2005 values in accordance with the Paris Agreement. In view of the results obtained, one way to be successful would be to apply policies to reduce coal consumption. A variation of 1 per cent in LCOAL causes an increase of 0.32 per cent in LCO 2 , and this variable has the greatest impact in both the short and long run. RES can also be used to achieve environmental targets. Therefore, CO 2 intensity could be reduced by influencing the fossil fuel and RES consumption, but in different ways. On one hand, LCOAL and LOIL have an impact on CO 2 intensity in both the short and long run, while RES only has an impact in the short run. On the other hand, fossil fuel consumption has a positive impact on CO 2 intensity, while the impact of RES is negative. Regarding the magnitude of the impact, it is large from fossil fuel consumption, as shown in Table VIII . Considering this, a restriction of coal consumption could have a more relevant reduction in CO 2 emissions. However, it is necessary to understand which variables influence RES to promote their impact on the reduction of CO 2 emissions. LRES is encouraged by LOIL (Saidi and Ben Mbarek, 2016) . This effect could be explained as an effect of a growing economy, in other words, the Australian economy. On one hand, the economy continues to be dependent on oil, and this dependency helps economic growth, and on the other hand, the economy invests in renewable energy. This also explains the positive effect of LOIL on LGDP.
In addition, Australia should invest in energy efficiency measures, specifically tailored to certain economic sectors. For instance, in the transport sector, Australia could invest more in electric vehicle technology and charging infrastructures and in the implementation of car sharing and incentives for electric vehicle adoption. Another example is the residential sector, where Australia could wager on demand-side management measures through a good practice guide to encourage the population to save electricity, to consume larger amounts of electricity in the off peak periods and to invest in efficient home appliances. It was confirmed that Australia needs to slow down its economic growth to achieve better environmental quality and reduce CO 2 emissions.
Conclusion
This paper analyses the relationship between economic activity through LGDP, energy consumption through LCOAL, LOIL and LRES and environmental degradation through LCO 2 and focuses on Australia. With this objective, all relationships were studied, and this meant that five models were estimated with all variables as dependent variables. The ARDL methodology was used to study the dynamics of adjustment for a period from 1965 to 2015. Empirical evidence for Australia remains scarce, which leads to the main aim of this research. In fact, it is important to examine the energy-growth nexus question in a country that has had no recession for several consecutive years and increasingly experienced economic growth. CO 2 emissions, fossil fuels and renewable energy consumption
The results of this study can be organised in the relationship between energy consumption of the different sources; the relationship between energy consumption and the environment; the hypothesis of the relationship between economic growth and energy consumption; and the relationship between economic growth and environmental degradation. Considering that, the results reveal a substitution effect between the fossil fuel sources. In addition, RES has a positive effect on fossil fuel consumption, and in turn, RES is given incentive by oil consumption. Regarding the environment, CO 2 intensity increases with an increase in fossil fuel consumption, while it could be reduced by increasing RES consumption.
This paper finds evidence for the feedback hypothesis between economic growth and both oil and RES consumption. Moreover, the conservation hypothesis is supported between economic growth and coal consumption. Concerning the relationship between economic growth and CO 2 intensity, the results are quite different. Indeed, economic growth increases CO 2 intensity, while CO 2 intensity has a negative impact on GDP. In other words, in Australia, there is a trade-off between economic development and environmental quality. Overall, the finding of implicit causalities in the ARDL models revealed a strong consistency.
To achieve its environmental goals, Australia should change its energy mix, i.e. it should rethink the relative consumption of the different energy types to reduce CO 2 emissions without changing the amount of primary energy consumed. This means that Australia should increase the share of renewable energy and reduce the share of fossil fuels. Other alternatives would be applying policies to restrict fossil fuels consumption, particularly coal; energy efficiency measures; and investing in RES technology, to increase RES consumption.
